TDR Determines Scroll Wave Behavior adverse effect, but the reduction of TDR might eliminate the substrate for re-entry induction. 4 Diego et al demonstrated that the risk for TdP induction was related to the increase in TDR, rather than in the QT interval. 7 Scroll wave re-entry is the active source of excitation that sustains ventricular tachyarrhythmias. However, the role of TDR during scroll wave re-entry is not well understood. To investigate how TDR affects the behavior of scroll wave re-entry, we conducted computer simulations of scroll wave re-entries under various conditions of TDR in a 3-dimensional (D) ventricular wall slab model. We have been conducting many computer simulations of scroll wave re-entries in an anatomically-detailed 3-D ventricular model. 8, 9 Through this research, we revealed that anatomical features play an im-portant role when considering the behavior of scroll wave re-entries. In this research, therefore, we removed anatomical features that were expected to lead to complications and overanalysis as much as possible. We focused on the dynamics of the filament, the scroll wave-organizing center, to simplify and quantify the complex spatiotemporal activity during scroll wave re-entry. 10 
Methods
The membrane kinetics in the simulated myocardium were produced by Luo-Rudy dynamic model equations 11 with modification of the L-type calcium channel formulation and introduction of 4 representative types of IKr-blockade: dofetilide, quinidine, vesnarinone, and nifekalant. 12, 13 Dofetilideinduced blockade is voltage-and time-independent, quinidineinduced blockade is fast-voltage-and time-dependent, and vesnarinone-induced blockade is slow-voltage-and timedependent. Nifekalant-induced blockade was simulated using a steady-state activation curve of IKr kinetics shifted positively. 14 The numerical approach for integration of IKr-blockades has been described in Appendix 1. We used the forward Euler method for integral calculation. 8, 9, 15 The transmural gradient (electrical heterogeneity through the ventricular wall) was achieved with the distribution through the epicardial, mid-myocardial (M-cell), and endocar- . An S1-S2 method for generating a scroll wave in the ventricular wall slab model. S1 indicates the first planar wave that propagates from left to right along the x-axis. The pink-coded region represents the excitation wave (both the depolarized and repolarizing region), whereas the colorless region represents the excitable area (repolarized region following the S1 planar wave). S2 is a premature stimulus (yellow region) in globular shape. The scroll wave starts to rotate around a filament (blue line) in a transmural location. and 1B) with thicknesses of 0.35 cm, 0.50 cm, and 0.15 cm, respectively. We configured the total thickness to be 1.0 cm by considering the human left ventricle. According to experimental data, the M-cell layer was located deep within the subendocardium. 5 These spatial settings can be found in our previous publication, 16 which demonstrated that the normal 12-lead electrocardiograms were properly reconstructed under those spatial settings. Electrical settings were achieved by modifications of IKr, IKs, Ito, and IKp. 13 Figures 1C and 1D show the control for the transmural gradient used in this study.
The ventricular wall slab model was 6.0 × 6.0 × 1.0 cm, and consisted of 10,560,000 discrete myocardial units ( Figure 1A) . We considered a sufficiently large size that allows scroll waves to rotate during a simulation time. As a result, we used the same size as the ventricular wall slab model in our previous publication. 17 The tissue border was set to no-flux Neumann boundary conditions. The conduction velocity was set at 59, 18, and 40 cm/s in the x-, y-, and z-axes, respectively, based on experimental data. 5,18, 19 The TDR was quantified during transmural conduction by performing simulations of consistent endocardial pacing 
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using the 1-D model shown in Figure 1B . Thirty-one pacing stimuli of 5-ms duration and 20-μA strength were applied to the endocardial units at a cycle length of 1,000 ms to achieve steady state. After the last pacing stimulus, we measured APD and conduction time in all myocardial units of the 1-D model. The APD was measured at -75 mV (close to APD90), then both TDR and QT interval were calculated. To visualize the effects of the various ion channel blockers on TDR, we adopted a 2-D mapping method. 13 We repeated simulations systematically with various IKs channel conductance levels in increments of 1% and various ydepolarization (IKr amplitude). 13 Scroll waves were generated using a S1-S2 cross-field stimulation (Figure 2 ). 17 A premature stimulus (S2), as a part of the globular shape, was applied when the refractory tail (S1 tail) of the 6 th planar wave had just passed through the center of the ventricular wall slab model.
Potassium channels play a key role in the development of TDR, and therefore we modified IKs and IKr conductances independently to produce various TDR. In the present study, the reduced IKs model was an 80% reduction in the IKs original value (100%) 13 (Table) .
We set the simulation time to 1,500 ms after the S2 stimulus due to computer performance. Except for a few cases of very long QT interval (>550 ms), this simulation time was enough for the scroll waves to rotate ≥6 times, which was generally considered as sustained tachyarrhythmia. 20 In addition, even in the cases of very long QT intervals, we considered the simulation time was enough to define sustained tachyarrhythmia because of the frequent wave breakups, which can increase the number of scroll waves during the simulation time.
Our preliminary simulations with significantly longer TDR and QT interval showed that frequent scroll wave breakups occurred immediately after the S2 stimulus. Thus, we strongly believe that the length of simulation time was sufficient to observe the scroll wave behavior in all of the simulations in this study.
The scroll wave filaments were expressed as a continuum of phase singularities, defined as spatial points where all phase values converged in a phase map. 21,22 Figure 3A shows the TDR as a function of IKs and ydepolarization, where ydepolarization describes the degree of IKr blockade by dofetilide, quinidine, vesnarinone, and nifekalant at a pacing cycle of 1,000 ms in the transmural 1-D model (Figure 1B) . At the IKs original value (IKs 100%) the TDR remained at ~20 ms, regardless of the ydepolarization value ( Figure 3B) . The effect on the TDR was similar for all 4 IKr-blockers. In contrast, when the IKs was reduced to 20%, an inverse correlation was observed between the TDR and the ydepolarization (Figure 3C ). Under these conditions, dofetilide and nifekalant produced significantly longer TDR values than did quinidine or vesnarinone.
Results

Variations in TDR With IKr- and IKs- Blockade in a 1-D Transmural Model
As shown in Figure 3D , the simulated ECG with various ydepolarization values revealed neither a marked prolongation of TDR nor a long QT interval at IKs 100%, and we observed a dip in TDR with a QT interval in the range below 400 ms. Similarly, we observed a dip in TDR as well in IKs 20% case; however, we found marked prolongation of TDR with a positive correlation with a QT interval ( Figure 3E) .
The effect of the 4 IKr-blockers on the relationship be-tween the TDR and QT interval was quite similar at IKs 100% ( Figure 3D) . In contrast, at IKs 20%, the 4 IKr-blockers produced different effects on the relationship between the TDR and QT interval. For example, when the QT interval was above ~500 ms, vesnarinone and dofetilide produced the longest and shortest TDR, respectively. Thus, a reduction in IKs facilitated the IKr blockade-mediated increase in TDR and revealed the differential effects of the IKr-blockers on the TDR (Figures 3C and 3E) .
TDR Influence on Filament Dynamics in the Ventricular Wall
The TDR was 23.7 ms in the control condition (ydepolarization 100% and IKs 100%; Figure 4A , Leftmost panel). With this TDR, the mother-daughter type scroll wave re-entries were sustained for 1,500 ms after S2 onset (Figure 4A , Middle 3 panels; Supplementary Movie 1). The mother re-entry rotated around a transmural I-shaped filament that bent spontaneously and occasionally fragmented. The fragmented filaments were classified into 2 types: the S-filament (blue) in which both fragment ends touched the epicardial or endocardial surface, and the NS-filament (green) in which the fragment ends did not touch a surface. The S-filament accompanied the rotating scroll wave and the NS-filament signified the wavebreak of the drifting (non-rotating) scroll wave. Thus, the daughter scroll wave re-entries were always accompanied by the fragmented S-filaments generated by the occasional fragmentations of the bent I-shaped filament of the mother scroll wave re-entry. The total length of the S-filaments (blue line) and NSfilaments (green line) varied markedly with time ( Figure 4A , Rightmost panel). Both the filament bending and the filament fragmentations increased the total length of the S-filaments. Filaments that were aligned parallel to the myocardial fiber transformed from S-filaments into NS-filaments (corresponding to a decrease in the S-filaments length and an increase in the NS-filament length). A filament shift resulting in a collision between the NS-filament and the tissue boundaries (lateral edges of the ventricular wall slab) caused a decrease in the total length of the NS-filaments. The filaments aligned on the border between the epicardial and mid-myocardial layers. The S-filament bent at the border between the epicardial and mid-myocardial layers, and the NS-filament aligned on the same border. The border between the epicardial and midmyocardial layers was close to the plane with the maximum slope of transmural gradient in repolarization time.
The smaller 19.5 ms TDR (Figure 4B , Leftmost panel) produced by the dofetilide-type IKr blockade and original IKs (ydepolarization 20% and IKs 100%, respectively) resulted in the continuation of the S-filament associated with the single scroll wave re-entry and a short-lived NS-filament ( Figure 4B , Middle 3 panels; Supplementary Movie 2). In this example, the scroll wave re-entry was terminated by the annihilation of all S-filaments at 1,475 ms after the S2 onset.
When the bending and fragmentation of the S-filaments were restrained, the total length of both the S-and NSfilaments was shorter, compared with the control condition (Figures 4A and 4B, Rightmost panels) . The short-lived NS-filaments aligned parallel to the myocardial fibers and were located in the mid-myocardial layer in the vicinity of the epicardium.
The larger 78.0 ms TDR (Figure 4C, Leftmost panel) produced by the dofetilide-type IKr blockade and reduced IKs (ydepolarization 15% and IKs 20%) resulted in frequent scroll wave breakups accompanied by the fragmentation and/or neogenesis of the S-filaments (Figure 4C, Middle 3 panels; HARAGUCHI R et al.
Supplementary Movie 3).
The fragmentation of the I-shaped S-filament was derived from the filament bending. In contrast, the neogenesis of the U-shaped S-filament was derived from the wavefront-wavetail interaction. Most of the NS-filaments were derived from the S-filaments that were aligned parallel to the myocardial fibers located at the mid-myocardial layer in the vicinity of the endocardium. The alignment location was in the vicinity of the plane with the maximum slope of transmural gradient in repolarization time, whereas the alignment location was shifted toward the plane with the shorter repolarization time. Under these conditions, the total length of the S-and NS-filaments varied markedly with time, similar to the control condition; however, the total filament lengths were much longer than the control condition (Figures 4A and 4C, Rightmost panels) . The filament neogenesis resulting from the wavefront-wavetail interaction was responsible for an increase in the total length of S-filaments. The other behaviors of the filaments were similar to those in the control condition (see Supplementary Movies 1 and 3) .
Relationship Between TDR and Total S-Filament Length
Simulations of scroll wave re-entries were conducted in the same ventricular wall slab model using the 4 IKr-blockers in various ydepolarization and IKs conditions: original IKs (IKs 100%) with a ydepolarization of 50%, 30%, 20%, and 15% (filled circles in Figures 3B and 3D) and reduced IKs (IKs 20%) with ydepolarization of 75%, 50%, 40%, 30%, 25%, 20%, 18%, 15%, and 12% (filled circles in Figures 3C and 3E) . The relationship between the TDR and the average total S-filament length during the simulation time (1,000 ms from 500 ms after the S2 stimulus) is shown in Figure 5 .
The TDR was 23.7 ms in the control condition and the average S-filament total length was 311.5 units (refer to a black filled circle with an arrow in Figure 5 ).
When the IKr-blockade produced a TDR ranging from 23.7 to 58.3 ms, the average S-filament total length was significantly shorter than that observed in the control condition (~150 units). The filament dynamics (not shown) were similar to those shown in Figure 4B ; both the bending and fragmentation of the S-filaments were restrained, and, as a consequence, the transmural I-shaped S-filaments were sustained and the NS-filaments were short-lived.
When the IKr-blockade produced a TDR shorter than 23.7 ms, the average S-filament total length was increased by the decrease in the TDR, and reached ~330 units, approximately the same length observed in the control condition. 
TDR Determines Scroll Wave Behavior
The filament dynamics (not shown) were similar to those shown in Figure 4A ; the bending and fragmentation of the S-filaments and the transition from S-filaments to NS-filaments occurred frequently.
When the TDR ranged from 58.3 to 80.0 ms, the average S-filament total length increased in proportion to the increase in TDR, and the length was ~800 units when the TDR reached ~80 ms. The filament dynamics (not shown) were similar to those shown in Figure 4C ; bending, fragmentation, and neogenesis of the S-filaments were frequently observed, and the transition from S-filaments to NS-filaments occurred more often.
When the TDR was longer than 80 ms, the average S-filament total length was short, because the scroll wave re-entries spontaneously terminated and the accompanying filaments were short-lived (not shown).
Thus, the IKr-blockers, dofetilide, quinidine, vesnarinone, and nifekalant, did not change the relationship between the TDR and the average S-filament total length (Figure 5 ), but they did have different effects on TDR duration (Figures 3C  and 3E ).
Discussion
The present study examined the role of TDR in sustained scroll wave re-entry, and provided a novel analysis of the mechanisms underlying sustained tachyarrhythmias. We analyzed the filament dynamics to simplify and quantify the complex spatiotemporal activity during scroll wave re-entry. The major findings of the present study are:
(1) Reduced IKs enhanced the IKr block-mediated increase in the TDR.
(2) A mild increase in the TDR restrained the scroll wave breakup and shortened the total filament length, whereas a marked increase in the TDR facilitated the scroll wave breakup and increased the total filament length.
The Role of TDR in the Induction of Arrhythmia
The balance of initiation, termination, and breakup of the scroll waves determines the sustainment of ventricular tachyarrhythmias. The present study analyzed scroll wave behavior in response to various TDR, with the aim of clarifying the relationship between the TDR and the maintenance of ventricular tachyarrhythmias.
It is widely accepted that the TDR or electrophysiological heterogeneity at the tissue level induces re-entrant arrhythmias. Noda et al suggested in a clinical study that TdP might occur as a result of enlarged TDR, leading to the first re-entrant excitation in patients with congenital LQTS. 23 El-Sherif et al 24 showed that TDR was linked to the genesis of TdP in the canine LQTS model, and Kozhevnikov et al 25 demonstrated that dofetilide significantly increased TDR which, in turn, increased vulnerability to hypertrophic heart. Furthermore, Akar et al showed that the regional distribution of M-cells underlies the re-entrant mechanism of TdP in the canine LQTS model. 2 T-wave alternans is known as a predictor of arrhythmic events 26, 27 and discordant T-wave alternans is associated with a greater propensity to develop ventricular tachyarrhythmias. 28 Chinushi et al showed that the discordant T-wave alternans derived from both the heterogeneous distribution of the diastolic interval and the regional differences in the restitution properties. 29 The majority of clinical and experimental studies have suggested that arrhythmogenesis is primarily caused by a large degree of electrophysiological heterogeneity or TDR that activates the TdP/VF mechanism. Similarly, in the 2-D simulations, Clayton and Holden reported a close relationship between the increase in APD dispersion and the initiation of re-entrant arrhythmias. 30 In contrast, findings reported by our colleagues numerically indicated that TDR is a predictor of drug-induced TdP, independent of APD prolongation. 13 They suggested that although early afterdepolarization, resulting from QT prolongation, plays an important role in triggering repetitive activation, an increase in TDR might be an independent substrate for re-entry initiation, an underlying mechanism for the perpetuation of ventricular tachyarrhythmias. 13 However, in their study, 13 the epicardial, mid-myocardial, and endocardial cell models 13 were not assembled into a 3-D ventricular wall with cell-to-cell coupling. Thus, in the present study, we extended the cellular level simulations into the 3-D tissue level. Our model included appropriate cell-to-cell coupling, wall thickness, and a transmural repolarization gradient. In the 3-D ventricular wall slab model, we found that the slight increase in TDR evoked by mild IKr blockade was antiarrhythmic, because it restrained scroll wave breakup, whereas the marked increase in TDR evoked by moderate IKr blockade was proarrhythmic because it facilitated scroll wave breakup. 
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This finding suggested that the induction of a tachyarrhythmia could be separated into initiation and maintenance stages, and the maintenance stage should be investigated in a 3-D model of the myocardium.
The Degree of TDR Determines Filament Dynamics
Filament dynamics are directly related to scroll wave behavior. Clayton and Holden revealed the details of filament dynamics during VF (eg, changes in the number of filaments, genealogical tree, distributions in length, and lifetime) in an anatomically-detailed simulation of canine ventricles. 31 Our investigation of the relationship between TDR and QT interval did not reveal a one-to-one relationship (Figure 3E) . It is widely accepted that the long QT interval with a sufficiently steep APD restitution curve increases the wavefrontwavetail interaction, resulting in scroll wave breakups. In contrast, as shown in Figure 4 and the related supplementary movies, the filament bending was caused by the difference in APD among the endocardial, mid-myocardial, and epicardial layers (ie, TDR) rather than the longest APD among the 3 layers (ie, QT interval). Therefore, we believe that the TDR is an independent determining factor of scroll wave filament dynamics. Furthermore, our findings suggest that the total length of the S-filament depends on the degree of the TDR, and that a large TDR facilitates the sustainment of re-entrant ventricular tachyarrhythmias.
IKs Reduction Facilitates the IKr Block-Mediated TDR Increase
We found that different types of IKr-blockers changed TDR only when the IKs was reduced (Figures 3C and 3E) . This finding is similar to that reported by our colleagues in a cellular level simulation study. 13 IKs suppression corresponds to mimicking of a KCNQ1 defect, called LQT1. Additionally, latent LQTS and increasing TDR appear under IKs suppression. Burashnikov et al demonstrated that a prominent IKs was responsible for the resistance to the arrhythmogenic effects of IKr blockade in the canine heart. 32 IKs reduction in our simulations is within the range of LQT1 patients 33 and our simulations are consistent with their data. 32
Longer TDR Increase the Critical Mass of the Myocardium
When TDR was longer than 80.0 ms, the average S-filament total length was shorter than it was at the control value ( Figure 5 ). This might be explained by an increase in the critical mass of the myocardium as a result of the extended scroll wavelength 34,35 required to sustain TdP/VF. Scroll wave re-entry cannot continue to rotate spontaneously in an insufficient amount of myocardial tissue. The critical mass is then defined as the amount of myocardial mass that is incapable of maintaining the self-rotated scroll wave. 34, 35 Our preliminary simulations revealed that at a TDR of 105.6 ms, the critical mass of the myocardium for a scroll wave reentry was 9.0 × 9.0 × 1.0 cm, which was larger than that used in our study.
Physiological and Clinical Implications
The TDR has traditionally been thought to initiate rather than sustain ventricular tachyarrhythmias, and the roles of the QT interval and the TDR in the ventricular tachyarrhythmia have been ambiguous. In contrast, the present study clearly demonstrated that the TDR played a key role in the sustainment of ventricular tachyarrhythmias, based on scroll wave re-entries. We have shown that with a TDR longer than 58.3 ms, scroll wave breakup, which is important for the maintenance of ventricular tachyarrhythmias, is the result of both the fragmentation by filament bending and filament neogenesis by the wavefront-wavetail interaction. However, wavefront-wavetail interaction was hardly observed with a TDR shorter than 58.3 ms. Thus, we suggest that whereas the long QT interval might increase the wavefront-wavetail interaction, a large TDR can facilitate bending and fragmentation of filaments, causing scroll wave breakups.
In hypertrophied cardiac myocytes, normal transmural distribution of membrane current density has been reported to be decreased, resulting in T-wave inversion. 36,37 However, hypertrophied cardiomyocytes are susceptible to ventricular tachyarrhythmias. TDR should be within certain range, and both very small and very large TDR might be arrhythmogenic.
Our simulation results suggest that avoiding both a long QT interval and a large TDR is necessary to restrain inherent or drug-induced ventricular tachyarrhythmias at both the initiation stage and the maintenance stage leading up to tachyarrhythmias. Additionally, our simulation results suggest that the M-cell layer restrains degeneration of ventricular tachyarrhythmias by facilitating the transition from the S-filaments of scroll wave re-entries to the short-lived NS-filaments in the control condition.
Study Limitations
We did not consider rotational anisotropy because our principal goal was to investigate the role of the TDR in scroll wave behavior. From a structural point of view, we did not use rugged or curved tissue. Furthermore, we did not consider the anatomical features and topology (ie, septum, RV, and Purkinje fiber networks). In addition, a previous experimental study suggested a different distribution of M-cells within the ventricular wall. 2 The scroll wave behavior in such anatomically-based models might be far more complex than in the 3-D ventricular wall slab model employed in this study. Despite these limitations, we believe that our major findings are correct. Finally, as an action potential model, we employed the modified Luo-Rudy dynamic model rather than the human ventricular model. However, the modified Luo-Rudy dynamic model satisfied the conditions of transmural heterogeneity by producing a physiological TDR.
Conclusions
This study suggests that the degree of the TDR might determine the sustainment of ventricular tachyarrhythmias by controlling of the dynamics of the filaments accompanying scroll wave re-entries, and therefore provides mechanistic insight into the role of the TDR in ventricular arrhythmogenesis.
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where ydepolarization is the limit set for the minimum of unblocked IKr in the presence of quinidine.
The vesnarinone-induced blockade is slow-voltage-and time-dependent as follows: 13 α=0.5
The nifekalant-induced blockade is voltage-and time-independent, and is similar to dofetilide-induced blockade. The y is constant and is equal to ydepolarization. where Xr∞ is the steady-state value of the IKr activation gate.
Appendix 2
Methods to Measure TDR, QT Interval, and Filament Length
We defined the depolarization time in each myocardial unit as the time when the membrane potential go above -75 mV, and the repolarization time as the time when the membrane potential go below -75 mV. Then, the APD was defined as the interval between the depolarization time and the repolarization time in each myocardial unit. Further, the TDR was defined as the interval between the earliest repolarization and the last repolarization in the 1-D model, 13 and the QT interval was defined as the interval between the earliest depolarization and the last repolarization (refer Figure 1D ). 13 The scroll wave filaments were expressed as a continuum of phase singularities, defined as spatial points where all phase values converged in a phase map. 21, 22 We counted the number of units detected as the filament locations and considered the number as a filament length. 
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